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X . *> of suitable equipment for simultaneously applying tensile and compressive

é ~ stresses. The research program described herein is focused on developing
- such equipment to study the behavior of SFRC under combined loadings.
w A review of the state-of-the-art research on the tensile strength

e of SFRC is given and a review of various methods of applying tensile

> stresses to concrete specimens is presented. The problems to be overcome
.j in applying a pure principal tensile stress are discussed. -

< A tensile loading apparatus has been designed and fabricated for use

i with an existing fluid-cushion cubical test cell in applying simultaneously

" a pure principal tensile stress and transverseprincipal compressive
f} stresses, This apparatus was employed in a test program to determine the

1 strength behavior of one type of SFRC under biaxial tension-compression

s loading. The design of the apparatus and a description of the test program

* are presented.

Among the fimdings of this test program is that the split-cylinder and

" flexure tests commonly used to determine tensile strength greatly exaggerate

fj the strength enhancement provided by the fibers when compared to the results

s of direct uniaxial tension tests, Notable strength enhancement was found,

- however, when a small transverse compressive stress was applied prior to
> tensile loading. As the magnitude of the compressive preload increased, the

p reinforcing ability of the fibers was lost due to internal microcracking.

3 The results of this test program were used to calibrate two mathemat-

- ical constitutive models for concrete-type materials. These models were

= found to reflect only some of the characteristics of strength behavior

= exhibited by the SFRC.
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ABSTRACT

The addition of steel fibers to concrete-type materials has

been shown to improve many of the engineering properties of those

materials. Notable among them is an enhancement in the tensile

strength of an otherwise weak and brittle material. Although much

is known about the tensile strength of steel-fiber reinforced

concrete (SFRC) under one-dimensional states of stress, little is
known with regard to the strength behavior under multidimensional
tension-compression loading. This is attributable to a lack of
suitable equipment for simultaneously applying tensile and
compressive stresses. The research program described herein is
focused on developing such equipment to study the behavior of SFRC
under combined loadings.

A review of the state-of-the-art research on the tensile
strength of SFRC is given and a review of various methods of
applying tensile stresses to concrete specimens is presented. The
problems to be overcome in applying a pure principal tensile stress
are discussed. |

A tensile loading apparatus has been designed and fabricated
for use with an existing fluid-cushion cubical test cell in apply-
ing simultaneously a pure principal tensile stress and transverse
principal compressive stresses. This apparatus was employed in a
test program to determine the strength behavior of one type of SFRC

under biaxial tension-compression loading. The design of the

apparatus and a description of the test program are presented.
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: Among the findings of this test program is that the
split-cylinder and flexure tests commonly used to determine tensile
strength greatly exaggerate the strenath enhancement provided by the
fibers when comapred to the results of direct uniaxial tension
tests. Notable strength enhancement was found, however, when a
small transverse compressive stress was applied prior to tensile
loading. As the magnitude of the compressive preload increased, the
reinforcing ability of the fibers was lost due to internal
microcraking.

3 The results of this test program were used to calibrate two

§ mathematical constitutive models for concréte-type materials. These
models were found to reflect only some of the characteristics of

strength behavior exhibited by the SFRC.
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CHAPTER 1

INTRODUCTION AND PREVIOUS WORK

1.1 Introduction

Although a significant amount of research has been done on
fiber reinforced concrete (FRC) in the past two decades, there is
still a considerable void in the knowledge of the strength and
behavior of FRC under complex states of stress. This stems mainly
from a lack of suitable equipment for applying multi-dimensional
stresses and, in particular, for simultaneously applying combina-
tions of tension and compression. The latter is of considerable
importance because past investigations have shown that the addition
of fibers to cementitious materials noticeably improves the tensile
performance of those materials. *

A review of the literature, summarized in Table 1.1, shows
that an ovgrwhe]ming majority of past investigations has utilized
flexure testing as the basis for determining the property enhance-
ment afforded by the addition of fiber reinforcing. In light of
this, it is hardly surprising that the first uses of fiber rein-
forced concrete, and a majority of the applications to date, have
been in flexural situations. Among the many applications in the
past ten years are bridge deck overlays, highway overlays and
repairs, aircraft runways, aprons, and landing mats, industrial

floors, tilt-up panels and curtain walls, and utility poles.
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All of these applications are based on the enhanced flexural per-
formance of FRC. Although the above list is not, by any means,
inclusive, it does represent some of the most frequent applications
of fiber reinforcing.

There is currently some interest in using fiber reinforced
concrete in more complex stress situations. One such idea is to use
fiber reinforcing to eliminate some of the reinforcing bar conges-
tion in beam-column connections, particularly in seismic applica-
tions where the enhanced ductility of FRC can be utilized. Another
application is in pressure vessels where the use of fibers might cut
down on the amount of hoop reinforcement needed. Yet another appli-
cation is in the construction of hardened missile silos, where the
superior impact resistance of FRC makes it a likely candidate.

’Before designers can confidently include FRC in such struc-
tures, more information is needed regarding the performance of FRC
subjected to two- and three-dimensional stress states, and as

mentioned before, under combined tension-compression loading

situations.

1.2 Scope of Work

A first step in this direction was taken at the University
of Colorado in 1979 with a research program incorporating multiaxial
compressive loading of one type of steel-fiber reinforced concrete
(Egging, 1981). The research detailed herein is an extension of

that test program to include tensile loading as well. This neces-

sitated the development of an apparatus capable of applying tensile
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stresses to a concrete specimen while it is simultaneously loaded
in compression in other directions.

This report describes the design of this new apparatus and
the results of an experimental program which utilized this apparatus
to study the strength and behavior of the same fiber reinforced
concrete as that used by Egging under biaxial tension-compression
loading. The experimentalhdata are analyzed exclusive of Egging's
results to define the biaxial failure envelope and to determine the
effectiveness of fiber reinforéing in these loading situations.
Additionally, the data are examined with reference to Egging's data
and the analytical models he formulated, on the basis of which the

models are refined accordingly.

1.3 Previous Work

The research program presently being discussed is composed
of two distinct parts. The first involves the design of a device.
which can apply tensile stresses to concrete and rock specimens
with a minimum of boundary constraints. The second part concerns

the utilization of this device in a test program to determine the

effectiveness of steel-fiber reinforcing under biaxial cension-
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3:; compression loading conditions. Therefore, the first two parts of
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fiber reinforced concrete and the benefits of fiber reinforcing, and

examine several theories on the mechanism of reinforcement.
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1.3.1 Tensile Loading

Tensile strength is one of the most fundamental properties
of concrete and yet it remains one of the least well-defined due
to the lack of a test method which is both practical and reliable.
Probably the most prevalent method used to determine tensile
strength is the split-cylinder (Brazilian) test., The popularity of
this test stems from the fact that it is not only easy to perform,
but uses the same type of cylinders and testing equipment as are
used to determine compressive strength. Despite its popularity, it
does not accurately measure tensile strength. Past studies (Wright,
1955) have shown that the tensile strength as determined by the
split-cylinder test may overestimate the true tensile strength by as
much as 50 percent,

The basis of the split-cylinder test is the theoretical
elastic stress distribution in a thin disk loaded along a diametral
plane. By assuming plane stress conditions and analyzing the prob-
lem in two dimensions, it can be shown (Timoshenko, 1970) that a
uniform tensile stress exists on the diametral plane containing the

applied loads. The familiar equation

2P
ot = (1.1)

ndt
in which ot is the tensile stress resulting from a load P applied
to a disk of diameter d and thickness t, represents an exact solu-
tion for the idealized conditions.

The actual test as it is performed deviates from this ideal

case, however, in a number of ways:
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1. The test specimens are usually cylindrical and, if they
are the same specimens as are used for compression testing, have a
height equal to at least twice their diameter. These conditions
would be better approximated as plane strain rather than plane
stress. Hondros (1959) found that the stress distribution at the
ends of the cylinder differs somewhat from that in the middle by
virtue of having analyzed the strains in those regions. If it can
be assumed Fhat the center of the cylinder tends toward plane strain
conditions while the ends tend toward a state of plane stress, the
use of equations based solely on the assumption of plane stress is
obviously in error.

2. The theoretical equations are based on the assumption
that the applied loads are ppint loads. Although this could be
extended to the three-dimensional case of a cylindrical specimen as
line loads, the test is actually performed using packing strips
between the platens of the testing machine and the specimen. These
packing strips distribute the applied load over a band with some
finite width which causes the stress distribution to deviate some-
what from the idealized formulation. Hondros (1959) derived an
equation to describe this stress distribution by assuming the ap-
plied load to be evenly distributed over a small portion of the
circumference of the disk as shown in Fig. 1.1. The general shape
of the stress distribution is indicated in the upper half of Fig.
1.2 which was determined for a loaded width one-twelfth the diameter
of the disk, a value chosen by Wright (1955) as being representative

of the actual widths achieved with commonly used packing materials.
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Although the tensile stress is very closely aproximated by Equation
1.1 over the central two-thirds of the diameter, this stress quickly
reverses to a very high compressive stress as the boundaries are
approached.

3. It is implicitly assumed that the accompanying verti-
cal compressive stress has no influence on the measured tensile
strength, The vertical stress distribution along the splitting
plane was also determined by Hondros (1959) and, as shown in the
lower half of Fig. 1.2, the magnitude of these stresses is consi-
derable in comparison to the tensile stresses. At the center of the
specimen, the vertical stress is three times the horizontal split-
ting stress (which is, coincidently, the same ratio as predicted by
Timoshenko (1934) for the ideal case of point loading) and rises to
nearly twelve times the splitting stress at the point where the
horizontal stress becomes zero.

4. The problem is further compounded by the existence of a
longitudinal stress which results from friction between the packing
strips and the specimen. The existence of this longitudinal stress
can be inferred from the fact that the specimen does not fail in
compression beneath the packing strips. From Fig., 1.2, it can be
seen that a state of equibiaxial compression exists at the edges

which is nearly twenty times the tensile splitting stress. Unless

a third compressive stress perpendicular to the other two exists
(i.e. a state of triaxial compression) this would be sufficient to

cause compressive failure in most concretes.
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5. Most importantly, the entire analysis is valid only if
Hooke's Law is obeyed up to the point of rupture. Even brittle 4
materials such as concrete exhibit some plastic straining prior to
failure. These plastic strains tend to cause a redistribution of

stress, reducing the stresses where they are highest. This would, 1

i
!
.
3
b
\
\
!
i
A

in effect, delay failure and could be a major reason for the over-
estimation of strength noted earlier,

6. Finally, the loading conditions dictate the plane on J
which failure will occur. This has two related effects., First, the
effective sample size is quite small, being limited to the central
two-thirds of the diametral plane and a band perhaps one-quarter to 1
one-half inch wide, depending on the diameter of the specimen and
the width of the packing strips. Since the measured strength of
specimens tends to increase with decreasing specimen size (Pratt, ‘
et al., 1972; Heuze, 1980) the limitations on the actual amount of
material being tested would promote artificially high measured

strengths. The reason for this is that the range of strengths

exhibited by the individual elements within any sample decreases as
the number of elements decrease (i.e. the probability of an element
having any one particular strength decreases as the statistical
population decreases and so fewer strengths are represented).
Therefore, the “weakest 1ink" in a large specimen should exhibit a
lower strength than the weakest link in a small specimen. This
helps to explain why the variability of split-cylinder test results
is generally less than for other types of tension tests. Similarly,

since only one plane through the specimen is loaded in such a

e T e . L. :
- - ot - S P * - - - - d .. - - ~ ~ - . - P S - " - . . T - :
T T L. S P L VL S Tl S L Vo Mt S UL S Sl . S L S S 3 e P " . : L I GI UL N SR -




g

| oot e e A M S LIRS

11

manner as would produce failure, the probability of this being the
weakest plane in the specimen is rather low, especially in compari-
son to a direct tension test in which, if a uniform stress distribu-
tion is achieved, every plane perpendicular to the direction of
loading is a potential failure plane.

Many of these same inherent problems are shared by another
commonly used "tensile" test - the loading of beams in flexure.

The quotation marks are used because it is generally agreed that the
flexure test does not measure tensile strength but measures a rela-
ted quantity most often referred to as the Modulus of Rupture.

Extensive research has been done on the relationship between
the modulus of rupture and the splitting strength. Figure 1.3 shows
some of these results, all of which indicate that the flexural
strength exceeds the splitting strength. Furthermore, since the
slopes of the lines in Fig. 1.3 (which were determined by a least
squares regression analysis of each author's data) are greater than
unity, the amount by which the modulus of rupture exceeds the split-
ting strength increases as the splitting strength decreases. This
is apparent in Fig. 1.4 which shows the ratio of the m.Juius of
rupture to the splitting strength as a function of the splitting
strength.

Probably the foremost difficulty in trying to determine
tensile strength from flexure tests lies again in the fact that
plastic straining occurs near failure while the formulas used fo
determine the tensile stress distribution in the specimen are based

on elastic theory. As mentioned previously, an overestimation of
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the tensile stress would result from assuming elastic behavior. Not
only does plastic straining redistribute and reduce the peak tensile
stress, but as plastic straining occurs, the neutral axis of the
beam moves away from the tensile face, a fact not considered in the
calculation of the modulus of rupture which is based on a neutral
axis at midheight in the beam.

The other major limitation of the flexure test is related to
the relatively small'sample size. If center-point loading is used,
the plane on which failure will occur is dictated by the loading
conditions just as it is in split-cylinder testing. Third-point
loading 1s used to overcome this problem as it results in a
constant-moment region between the two applied loads. Even in this
test, however, the concrete subjected to the maximum tensile stress
is only that material near the bottom face of the specimen.

The double-punch test (Chen, 1970) is a more recent addition
to methods of indirect tension testing and represents an attempt to
overcome some of the problems which have been mentioned. In this
test, a compressive stress is applied along the longitudinal axis of
a cylindrical specimen through steel punches placed at both ends of
the specimen. From classical 1imit plasticity analyses, a cone of
material directly beneath the punch will be pushed into the specimen
as a rigid body and thus split the specimen in two along a vertical
diametral plane as shown in Fig. 1.5.

The advantage of this test over the split-cylinder test is
that every diametral plane is a potential failure surface. Tests

performed by Chen and Yuan (1980) have, in fact, shown that failure
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o often occurs simultaneously on more than one plane. This could ex-

plain why these same investigators found that strengths measured by

> P

Dy

split-cylinder testing were generally higher than the strengths of
identical concrete measured by the double-punch test. The strength

difference, however, was not significant, especially in the strength
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range normally observed in concrete testing (Fig. 1.6). Therefore,

the often large differences in measured strength between split-
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cylinder tests and direct tension tests have not been completely
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accounted for. This is probably due, in part, to the semi-empirical
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nature of the strength equation used with the double-punch test, and

the fact that this equation was derived from a limit analysis based

on the assumption of perfect plasticity at failure. This does not

1]

L
b
S
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accurately describe the stress-strain response of concrete either.
As a rule, nearly all of the other methods of tension
testing (diagonal splitting of cubes, splitting of beams, torsion of
solid and hollow cylinders) suffer from the same problems already
mentioned. The solution, of course, is to load the specimens in
direct tension. Many different methods have been used in the past
to achieve uniaxial tension! but most of them hav: the ommon
feature that a special specimen with a reduced cross-sectional area
is required. This, in addition to the often elaborate equipment
necessary to grip and hold the specimen and apply the loads, has
precluded their use on a widespread basis. The special shapes are

required to ensure that failure will occur sufficiently far from the

1 A comprehensive review of many methods proposed for direct tension
testing appears in "Direct Tensile Test of Concrete: Survey
Results,” RILEM Bull, No. 21 (1963).
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ends of the specimen and beyond the influence of the gripping de-
vices. In practice, this has not always been achieved. Often the
specimens fail near the change in cross-section due to local stress
concentrations. Another problem frequently encountered is eccentri-
city in the line of action of the applied force. This can be caused
by imperfect alignment of the gripping devices (a problem frequently
encountered with methods which incorporate studs cast into the ends
of the specimens as a means of affixing the specimen to the loading
platen) or the inability of the gripping devices to freely rotate
during the test in order to compensate for any small eccentricities

in the loads which develop.

1.3.2 Boundary Effects

The difficulties faced by researchers in designing loading
systems for concrete testing go beyond the problem of applying a
desired stress to a specimen., For the properties measured during a
test to be an accurate indication of the true material behavior, the
loads must be applied in such a manner that the physical boundaries
of the specimen have no influence on the stress distribution within
the specimen. This requires the elimination of the boundary effects
which result from strain incompatibility between the specimen and
that portion of the test apparatus through which the loads are
transferred to the specimen. If boundary effects are not minimized,
the actual state of stress in the specimen will be complex and non-
uniform, thus invalidating any constitutive relations formulated on

the basis of the applied loads.
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The effects of strain incompatibility at the boundaries of a
specimen are easily seen in the conventional uniaxial compression
test on concrete cylinders. During the test, the specimen takes on
a barrel-like shape, deforming more in the lateral direction at the
center of the specimen than at the ends. Because of the difference
in elastic moduli of the steel loading platens and the concrete
cylinder, the concrete should strain more in the lateral direction
than the steel. Friction at the interface between the platens and
the specimen, however, prevents the concrete from achieving these
strains and instead induces transverse shear stresses on the ends of
the cylinder. These additional stresses decrease toward the center
of the specimen, allowing the concrete to expand wore in the middle
than at the ends.

Failure in concrete and other brittle-ductile materials is
associated with the formation and growth of microscopic cracks
(microcracks) in planes parallel to the direction of the maximum
applied load as was first theorized by Griffith (1920). As these
cracks grow and coalesce, they open up and the concrete thus expands
in the directions perpendicular to the maximum applied load. Fail-
ure results when these cracks grow to such an exteat that physical
separation of the specimen occurs.

Because boundary constraints prevent the specimen from
expanding, failure is effectively delayed and the measured strength
exceeds the actual strength of the material. The fact that lateral

compressive stresses delay failure is evident in the results of

biaxial compression and triaxial compression tests. Even in the
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absence of boundary effects, the maximum principal stress at failure
exceeds that which could be achieved with uniaxial loading.

Many attempts have been made to overcome the effects of
boundary constraint. Some of these were aimed at minimizing the
disparity in elastic moduli between the platens and the specimen by
introducing various packing materials. These attempts have met with
limited success, however, because the packing materials must be
neither stiffer nor softer than the material being tested. The use
of softer materials leads to boundary effects which are exactly the
opposite of those imposed by stiff platens, namely that the softer
packing materials induce tensile transverse stress transverse
stresses which promote rather than delay failure.

Other researchers sought to eliminate the friction between
the platens and the specimen by applying lubricants (both solid and
viscous) at the interface. The degree to which boundary effects
were eliminated in these attempts is, of course, a function of the
resulting coefficient of friction.

Still other investigators have developed loading platens
which are simply incapable of transmitting transverse (shear)
stresses. One of these is fluid cushions (Ko and Sture, 1974).
Here, loads are applied to the sides of the specimen by pressurizing
hydraulic fluid contained within flexible membranes. Neither the
Tow elastic modulus of the membrane nor the friction between the
membrane and the specimen is a factor since only normal stresses can

be applied through fluid pressure. Another method utilizes brush

platens (Hilsdorf, 1965) which consist of a rectangular array of
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steel bristles. Each bristle can move independently of those around
it to follow the lateral deformations of the specimen rather than
resisting those deformations.
A comprehensive investigation into the effects of boundary
constraints and the effectiveness of the various methods used to
overcome them for concrete testing was undertaken in a cooperative
project coordinated from the University of Colorado (Gerstle, et
al. 1978). In this research project, seven institutions used
identically cast and cured specimens in a varie;y of biaxial and
triaxial loading conditions common to all participants. By elimina-
ting material variability, any systematic differences in the test
results could be attributed to the differences in the test methods
employed. The participants in this project were:
Bundesanstalt fur Materialprufung,
Berlin, Germany (BAM)

Ente Nazionale per 1'Energia Elettrica,
Milano, Italy (ENEL)

Imperial College of Science and Industry,
London, England (ICL)

Institut fur Massivbau, Technical University,
Munich, Germany, (TUM)

New Mexico State University, Las Cruces,
New Mexico, U.S.A. (NMSU)

University of California at Davis,
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§E§ The various specimen geometries and loading conditions are tabulated
122; in Table 1.2 and the loading systems are shown schematically in

o Fig. 1.7.

Féé The different systems can be categorized both by the degree
:i: of lateral constraint present and the degree of constraint normal to
.?f? the specimen boundary. At one extreme, the normal boundary con-

‘{Ei ditions can be one of uniform applied stress and variable normal

:25 strains, such as that which is provided by fluid cushions, while at
4&1 the other extreme the boundary condition is one of uniform applied
ﬁf?; displacements and variable normal stresses, as is produced with

Lﬁ& rigid steel platens. In the testing of nonhomogeneous materials,
ol the type of loading condition must be considered as well as the

;Eﬁ degree of lateral restraint., Uniform boundary displacement loading
~{;’ offers the possibility of stress redistribution which will delay

;5 failure until the average specimen strength is achieved, whereas

'Ei uniform boundary stress loading will result in failure occurring

o when the strength of the weakest element is reached. The relative
Ejl degrees of boundary constraint for the thirteen systems incorporated
;;i into this program are depicted schematically in Fig. 1.8. Here, the
;ii parameter associated with lateral constraint is the shear stress

‘éi imposed at the specimen boundary and the parameter used to describe
'gi normal constraint is the rigidity of the loading platens.

;ﬁf For all of the aforementioned reasons, one would expect that

the strengths in uniaxial compression would increase with both
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increasing normal constraint and increasing lateral constraint. If
such a trend did exist, it could be depicted graphically by plotting
the strength results as a function of some parameter relating to the
amount of constraint present in the test methods employed. For
convenience, the parameter chosen was the distance of each point in
Fig. 1.8. from the origin, expressed by the location of projection
of those points onto the diagonal. This is equivalent to assumirg
that the normal and lateral constraints affect the measured strength
equally, an intuitive assumption which may or may not be true.

The top half of Fig. 1.9 shows the uniaxial compression test
results (normalized with respect to the strengths of conventionally-
tested control cylinders) plotted against this parameter. The
suspected trend is, indeed, indicated but it should be noted that,
despite large differences in the degree of normal constraint, the
fluid cushions, flexible platens, and the TUM brush platens all give
similar results. This would suggest that the degree of normal
constraint is of much less importance than the degree of lateral
constraint. It also suggests that these three systems perform
equally well at eliminating boundary effects,

The degree of lateral boundary constraint plays yet another
role when multiaxial stress states are attempted. If laterally

stiff platens are employed on adjacent faces of a specimen, a

portion of the load applied in one direction will be transmitted to
the loading platens in the other directions. This will result in a
high measured strength since the state of stress in the specimen

will be something less than stresses assumed from the applied
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loads. As a means of showing this, the results of equibiaxial tests

35 were normalized with respect to the uniaxial strengths of the cubes
;i tested in the various systems. This ratio of equibiaxial to uni-

21 axial strength should only vary with the degree to which loads are
:%~ transferred to adjacent platens if it is assumed that the other

;? phenomena mentioned affect the two strengths involved equally.

Fﬁ In Fig. 1.9, this ratio is plotted against the degree of

<§: lateral boundary constrairt and the expected trend is indicated to
Si; some degree. The phenome&on of load transfer to adjacent platens
;2 should be completely absent in the fluid cushion testing since

ii: stresses are applied directly in the form of fluid pressures. The
_%? effect should only become apparent with methods in which forces

& rather than stresses are applied to the platens. The fact that even
:zﬁ Tower ratios of biaxial to uniaxial strength were obtained with some
-. of the other methods suggests that other phenomenon may be involved

here,

(3
;Zﬁ 1.3.3. Strength of Fiber Reinforced Concrete
‘Eé Although the concept of using fibrous material to reinforce
- brittle materials with inherently low tensile strength 15 not new,
ig research into the use of steel fibers to reinforce concrete did not
;S begin in earnest until Romauldi and Batson (1963) proposed that, on
}c the basis of linear-elastic fracture mechanics. inforced concrete
5; could be made to behave as a two-phase material if the reinforcing
;: was placed at suitably close spacings. They showed that, whereas

‘; conventional reinforcing merely compensates for the low tensile

33 strength of concrete, the same amount of reinforcing incorporated as
Z::
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closely-spaced thin wires would acutally increase the tensile
strength of concrete by arresting the growth of cracks which leads

to failure.

Romauldi and Batson assumed that the strength of concrete in

tension is predicted by Griffith's formula:

i Gc E
(1 -u)n a

where

a average tensile strength

Gec = critical elastic energy release rate
a = half length of the critical flaw

E = modulus of elasticity

u = Poisson's ratio

They argued that a crack propagatng in a plane perpendicular to the
wires would be unable to extend beyond the boundaries imposed by the
wires immediately surrounding it and therefore the tensile strength
would be a function of the inverse square root of the wire spacing
just as it is related to the inverse square root of the crack length
in Equation 1.2.

The resulting theoretical relationship between wire spacing
and cracking stress for one particular value of G; is shown in
Fig. 1.10. Here the four curves represent four different volume
percentages of reinforcing.‘

To validate this theory, often referred to as the "spaciny

concept" (ACI Committee 544, 1982), Romauldi and Batson performed a

series of flexure tests on mortar beams reinforced with rectangular
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arrays of parallel wires set at different spacings. The results of
these tests appear to confirm the theoretical relationship as shown
in Fig. 1.11, Realizing that in order to keep the volume percentage
of reinforcing constant, larger spacings would require the use of
"wires" which approached conventional rebars in size, they plotted
the results as a ratio of beam strength to the strength which would
be predicted from design equations for conventionally-reinforced
beams. From Fig. 1.11, it can be seen that at spacings larger than
0.6 inches, the conventional equations govern the behavior.

Romauldi and Mandel (1964) further proposed that the same
results could be achieved in a much more practical manrer by intro-
ducing short, discrete lenyths of wire directly into the concrete
mix as long as the volume percentage of reinforcing was increased to
compensate for the fact that not every "fiber" would be properly
oriented for crack control. To determine a suitable correction,
they assumed that the fraction of fibers which would be oriented so
as to arrest crack growth was equal to the ratio of the sum of the
projected lengths of all the wires in any one direction to the sum
of the lengths of all the wires. The resulting amount of “effec-
tive" fibers is 41 percent,

They next computed the number of "effective" fibers which

could be expected to cross any one plane in a specimen to be

N ny = 0.41 NL/V (1.3)

R A P o SIS
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P where N is the total number of fibers, L is their length, and V is ‘
the specimen volume. Taking the inverse square root of this to be |
the average spacing between wires and expressing the number of wires
Py as a function of the volume percentage of reinforcing, they found
the equivalent continuous wire spacing to be
S=13.8d/1/p (1.4)
o
where d is the fiber diameter and p is the volume percentage of
fibers. This permitted a comparison between the results of a series
® of tests on mortar beams reinforced with varying sizes and amounts
of fibers and the theoretical relationship derived by Romauldi and
Mandel. These results appear here as Fiq. 1.12.
® Critical examination of the theories and equations used plus
subsequent testing by other researchers have refuted the spacing
concept. Broms and phah (1964) and Abeles (1964) pointed out that
e in order to achieve different wire spacings with the same volume of
rainforcing, Romauldi and Mandel had used wires with different
diameters. They argued that because the different sizes of wires
® also had different strengths and because these sirengti; were
substantially higher than that of conventional reinforcing steel,
the use of a strength ratio based on the predicted strength of
@ conventionally reinforced beams was in error. Correcting for the
different strengths of the reinforcing, they found almost no in-
crease in strength with decreasing wire spacing. Shah and Rangan
) (1971) performed a series of tests on both concrete and mortar using
wires with different diameters but similar strengths and, after
L
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correcting the strength ratio to reflect the higher strenath of the
wires, also found almost no increase in strength with decreasing
wire spacing as shown in Fig. 1.13.

Similarly, a reexamination of the data from which Fig. 1.12
was generated indicates that the shape of the experimental curve can
be attributed to the use of different fiber volumes to achieve dif-
ferent spacings. The theoretical curve in Fig. 1.12 corresponds to
1 percent reinforcing by volume, a value which was chosen because
the majority of the beams were reinforced with 2.1 percent fibers
and it was expected that only 41 percent of these would be effec-
tive, as mentioned previously. If only those data points correspon-
ding to 2.1 percent reinforcement are used (Fiqg. 1.14) the trend is
almost perfectly linear and similar to the corrected results in
Fig. 1.13.

Another observation is that at a wire spacing of 0.33
inches, the two highest strength ratios (1.34 and 1.35) were ob-
tained for beams with 1.5 inch'long fibers, while the lower two
(1.51 and 1.56) were for beams with 1 inch fibers. Two other re-
sults not included in the original plot, with strength ratios of
0.99 and 1.20, were obtained for beams with 0.75 inch fibers., This
indicates a dependence on fiber length which is inconsistent with
the spacing concept.

Snyder and Lankard (1972) noticed a similar dependence on
fiber length as shown in Fig. 1.15. Here, the fiber spacing was

calculated using Equation 1.4 but a unique relationship between

fiber spacing and strength was not found. Instead, a family of
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curves is indicated with each curve representing a different fiber
length,

Snyder and Lankard (1972) also found that for a given fiber
size, both the stress at which the first crack appears and the
ultimate strength are linear functions of the fiber volume as shown
in Fig. 1.16. Similar results, shown in Fig; 1.17, led Shah and
Rangan (1971) to the conclusion that fiber-reinforced concrete and
mortar could be treated as a composite material similar to conven-
tionally-reinforced concrete rather than as a two-phase material.
They further pointed out that beams with continuous wire reinforcing
failed when the wires failed, but beams with fiber reinforcing
failed when the fibers pulled out of the matrix. This helps to
explain the dependence of strength on fiber length as the longer
fibers wou}d have more surface area and thus greater resistance to
puli-out. They found that fibers below a certain length could not
resist loads above those at which the concrete matrix cracked. This
was postulated by Romauldi and Mandel as the reason for the negli-
gible strength increase seen for the 0.75 inch fibers and was the
argument they used for not including those results in Fig. 1.12.

It is now generally agreed that the strength of fiber-
reinforced concrete and mortar is dependent on not only the amount
of reinforcing but also the length and diameter of the reinforcing.
Specifically, most researchers relate the strength increases

afforded by fiber reinforcing to the aspect ratio of the fibers (the

ratio of length to diameter) for a constant volume of fibers and the

A )
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volume of fiber for a constant aspect ratio. This is shown in

A Figs. 1.18 and 1.19.
One final point, observed by both Snyder and Lankard (1972)
and Shah and Rangan (1971), is that the addition of fiber reinforc-

ing to mortar specimens has a much greater effect on strength than

does the addition of fibers to concrete. In Fig. 1.17, for example,
the increase in strength of the mortar specimens was three or four
times the strength increase of concrete for the same amount of
reinforcing. These more modes” strength increases in concrete
appear to be the rule. This helps to explain the large strength
increases often observed in some of the earlier investigations of
fiber reinforcing, all of which utilized mortar specimens. The
difference appears to be attributed to the increased resistance of

fibers in mortar to pullout due to a better (more complete) bond.
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CHAPTER 2

THE MULTIAXIAL TEST APPARATUS!

2.1 Introduction

A brief description of the multiaxial test cell used in
this test program is presented here. A more detailed description
is given by Egging (1981) and the original development of the
apparatus is presented by Sture (1973). This chapter has been
derived, in part, froﬁ these two references.

The multiaxial (cubical) test cell consists of a rigid space
frame enclosed by six walls. The cubical frame has three orthogonal
holes, square in cross-section, machined through it as shown in
Figs. 2.1 and 2.2, The intersection of these three holes forms a
cubical cavity in the center of the frame, within which the test
specimen resides. The six square openings in the frame, together
with the adjoining walls, act as pressure vessels. Each face of the
test specimen becomes the interior wall of one of these pressure
vessels. A fluid cushion loading system is established through the
use of flexible polyurethane membranes attached to the inside face
of each wall. These membranes, which fit into the square openings,
retain the hydraulic fluid pumped into the cell. The fluid pressure

generated within these membranes is resisted by the specimen and the

1 The figures which appear in this chapter, unless otherwise
noted, have been adapted from figures originally appearing in
Reference (70).
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exterior walls. A cross-section through the assembled apparatus is
shown in Fig. 2.3.

The walls are built up from three main components as
shown in Fig. 2.2. The main wall, which serves as a 1id for the
pressure vessel, is a thick, square plate of aluminum through which
counterbored holes have been drilled to accept the Allen bolts which
secure the wall to the frame. Attached onto the inside face of the
main wall is an aluminum disk which has two 0-ring grooves around
its perimeter. This disk fits into a corresponding counterbored
hole in the side of the frame. The groove furthest from the frame
houses a rubber 0-ring which serves to seal the pressure vessel,
The groove closest to the frame clamps the sleeved flange of the
membrane which acts as an O-ring to seal the hydraulic fluid within
the fluid cushion. This pressure seal arrangement is shown in
detail in Fig. 2.4. Attached onto this disk is the aluminum probe
block which serves as the base for the transducers used to measure
specimen deformations. (These transducers are described in the next
section.) A protective cap over the transducers completes the
wall. These components are shown in Fig. 2.2.

To prevent the membranes from extruding into adjacent
cavities as the specimen deforms, a flexible polyurethane cap is
placed over the end of the membrane. For testing at higher pres-
sures, a leather pad is placed between this cap and the specimen to

further ensure the competency of the membrane. A beveled hole in

the center of this pad allows the fluid cushion to come into contact
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Fig. 2.3 Cross-Section Through Assembled Cubical Cell
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4 with the specimen, as shown in Fig. 2.5, while reinforcing the peri-

i' meter against failure,

Ez

g 2.2 Deformation Measurement System

i‘ The deformations of the specimen are measured with an

3 18-channel proximity transducer system. These transducers operate

§ on the principle of impedance variation in a coil caused by an

i‘. electric current induced in a nearby conductive target. The

N permeability of the magnetic field in front of the coil is directly

E related to the separation between the coil and the target. An
electrical signal proportional to the permeability of the magnetic

. e e

T

g T PRy e

field is rectified into a DC voltage which can be read through a
data acquisition system. The advantage of this type of deformation
measurement system is that no physical contact is required between
the transducer and the specimen. The voltage output can be equated
to a gap width by reference to a previously established calibration
curve. The only requirement is that the separating medium (in this
case, the hydraulic fluid) be nonelectrolytic.

The cubical cell uses proximitor probes made by Bentley-
Nevada Corporation. Three of these are mounted on each wall
120 degrees apart and equidistant from the centerline of the cell
cavity. The probes on opposing walls are directly opposite <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>